This paper presents the experimental results of active-sensing structural health monitoring (SHM) techniques, which utilize piezoelectric transducers as sensors and actuators, for determining the structural integrity of wind turbine blades. Specifically, Lamb wave propagations and frequency response functions at high frequency ranges are used to estimate the condition of wind turbine blades. For experiments, a 1 m section of a CX-100 blade is used. The goal of this study is to assess and compare the performance of each method in identifying incipient damage with a consideration given to field deployability. Overall, these methods yielded a sufficient damage detection capability to warrant further investigation. This paper also summarizes the SHM results of a full-scale fatigue test of a 9 m CX-100 blade using piezoelectric active sensors. This paper outlines considerations needed to design such SHM systems, experimental procedures and results, and additional issues that can be used as guidelines for future investigations.
Introduction
Wind turbines are becoming a larger source of renewable energy in the world. The US government projects that 20% of the US electrical supply could be produced via wind power by 2030 [1] . To achieve this goal, the turbine manufacturers have been increasing the size of the turbine blades, often made of composite materials, to maximize power output. As a result of severe wind loadings and the material level flaws in composite structures, blade failure has been a more common occurrence in the wind industry. Monitoring the structural health of the turbine blades is particularly important as they account for 15-20% of the total turbine cost. In addition, blade damage is the most expensive type of damage to repair and can cause serious secondary damage to the wind turbine system due to rotating imbalance created during blade failure. Therefore, it is imperative that a structural health monitoring (SHM) system be incorporated into the design of the wind turbines in order to monitor flaws before they lead to a catastrophic failure.
There has been a considerable research effort focused on applying SHM techniques on wind turbine blades [2, 3] . However, most of these studies focus on a single technique for damage detection; consequently very little work has been done to compare the results of multiple active-sensing techniques. Thus, the goal of this study is to assess the relative performance of high-frequency SHM techniques, namely, Lamb wave propagation and frequency response functions (FRFs), as a way to nondestructively monitor the health of a wind turbine blade with piezoelectric active sensors. In conjunction, consideration is given to employing multiple techniques together as a means of increasing the effectiveness of SHM for detecting and locating damage. This combination method is possible because of the multifunctional nature of the piezoelectric active sensors. In this paper, an array of piezoelectric sensors on a 1 m section of a 9 m CX-100 blade is used for simulated damage detection under the laboratory setting. Once the damage detection performance was characterized, the piezoelectric active-sensing techniques are applied to SHM of a full-scale 9 m CX-100 blade, where the blade was dynamically loaded in a fatigue test until reaching catastrophic failure.
SHM Using Piezoelectric Active Sensors
Piezoelectric transducers have been widely used in SHM applications because they provide both sensing and actuation capabilities within a local area of the structure. These transducers could easily provide high-frequency excitations, and the subsequent structural responses could be captured by the same excitation sources. Two active and local sensing techniques, including Lamb wave propagations and FRF at high frequency ranges, are briefly summarized in this section.
Lamb Wave Propagations.
Since the 1960s, the ultrasonic research community has studied Lamb waves for the nondestructive evaluation of plates [4] . Lamb waves are mechanical waves corresponding to vibration modes of plates with a thickness in the same order of magnitude as their wavelength. The advances in sensor and hardware technologies for efficient generation and detection of Lamb waves and the need to detect subsurface damage in laminate composite structures have led to a significant increase in the use of Lamb waves for detecting defects in structures.
The dispersive nature of Lamb waves means that the different frequency components of the Lamb waves travel at different speeds and that the shape of the wave packet changes as it propagates through solid media. There are two types of modes that form in a plate when excited with Lamb waves: asymmetric ( ) and symmetric ( ). The asymmetrical modes are analogous to shear waves (equivalent to waves in earthquake engineering), while symmetrical modes are analogous to compression waves (equivalent to waves in earthquake engineering). The selection of the excitation frequency for Lamb waves must be made so as to excite a structure at a certain mode ( 0 or 0 ) and to avoid any higher modes that might also be present. Lamb wave propagation methods look for the possibility of damage by tracking changes in transmission velocity and wave attenuation/reflections. Several methods have been proposed to enhance the interpretation of the measured Lamb wave signals to detect and locate structural damage. They are based on changes in wave attenuations using wavelets [5] , timefrequency analysis [6] , wave reflections [7] , and time of flight information [8] . A more complete description on the Lamb wave propagation technique can be found in [9] .
Frequency Response Functions
The basic concept of high-frequency response functions is to use high frequency vibrations to monitor local regions of a structure for changes in the structure's parameters. It is a well-known fact that FRFs represent a unique dynamic characteristic of a structure. From the standpoint of SHM, damage will alter the stiffness, mass, or energy dissipation properties of a system, which, in turn, results in the changes in the FRF of the system [10] . Several investigations have been made to utilize the measured FRF for detecting damage in structures [11] [12] [13] . In addition, the piezoelectric impedancebased method [14] is also in line with those based on FRF, because it indirectly measures the mechanical impedance of a structure over select frequency ranges. By utilizing piezoelectric active sensors, the FRF could be measured up to hundreds of kHz ranges, which allows the method to be sensitive to small defects in the structure and not sensitive to operational or boundary condition changes, which occurs at relatively low frequency ranges.
Experimental Procedure and Results
The experimental setup under a laboratory setting consisted of a 1 m long × 0.55 m wide section of a CX-100 wind turbine blade with a thickness that varies from 0.3 cm (trailing edge) to 10 cm (spar cap) instrumented with six piezoelectric patches, labeled A-F, as shown in Figure 1 . Figure 1 also shows 4 rectangular macrofiber composite (MFC) sensors attached to the turbine blade; these sensors were not used in this study.
The patches E and F are boned inside the blade. The CX-100 is a carbon reinforced composite 9 m turbine blade designed by Sandia National Laboratory (SNL) [15] . The piezoelectric patches are 13 mm in diameter and are attached to the surface of the turbine blade using cyanoacrylate adhesive. The use of 6 piezoelectric patches results in 15 possible wave propagation paths, labeled with the actuator patch first and the sensor patch second. The length of AF is measured at 600 mm as the longest path, and EF is the shortest distance at 220 mm. The vertical paths (AD and AE) are located directly on the center support spar of the blade, as seen in the cross section picture in Figure 2 . The patches were connected to a National Instruments (NI) PXI data acquisition system for data acquisition.
Lamb Wave Propagations.
The Lamb wave propagation experiments utilize the pitch-catch approach, where one of the piezoelectric patches is used as an actuator and another as a sensor. The actuator transmits a signal that travels, along the surface of the structure, to the sensor where it is recorded. To maximize the effectiveness of the Lamb wave technique the excitation frequency needs to be carefully selected. In order for damage detection to be possible the amplitude of the response must have a higher signal to noise ratio, and the response must be separated by a sufficient amount from the electromagnetic interference (EMI) to allow for proper identification of the arrival waveform. Due to the complexity of the blade section, traditional methods of predicting the ideal excitation frequency for homogeneous material [16] are not applicable and the ideal frequency was determined experimentally.
Overall, most of the paths showed desirable responses with an input frequency of 25 kHz: three paths (AD, BD, and DF) gave more advantageous responses with an input frequency of 200 kHz and three paths (AE, AF, and BE) did not provide an acceptable response at any frequency leaving the 12 paths. It also has identified that the travel distance of the waves is about 50 cm; thus for monitoring of the blade using Lamb wave propagations, one may need to either deploy a large number of traditional sensors or design an ultrasonic transducer to more effectively excite and sense a certain frequency range for SHM.
After the excitation frequency has been determined, multiple baselines for the undamaged structure were recorded. These baselines contain variations in the boundary conditions to attempt to simulate potential real world variability, including mass loading and manually induced vibrations to the structure. Damage was then introduced by applying a piece of industrial putty to the surface of the turbine blade in the path of propagation of the Lamb waves. The putty serves to change the damping properties of the structure in a localized area, similar to the effects of a delamination. The putty was approximately 5 cm × 5 cm, with 0.5 cm thickness. An example of recorded signal is shown in Figure 3 . The responses (path BC) are recorded in the direct path before and after the simulate damage was applied. One can clearly see the attenuation of the first arrival wave caused by the simulated damage.
The signal processing technique used was based on monitoring the changes in the energy content of the propagated waves. First, the arrival signals were captured in time to avoid interference with boundary reflected waves. This captured signal was then converted into the frequency domain using a discrete Fourier transform. These frequency domain data were integrated, using the trapezoidal approximation method in an attempt to determine the energy content of the recorded response. A damage index was then created, which is defined as the percent difference between the true baseline and each of the other recorded values. To incorporate all of the baseline readings into a single value, all of the damage indices for the baseline cases were averaged and then compared with the correlation coefficient for the damaged case. The result of the induced damage (shown in Figure 3 ) is illustrated in Figure 4 . Ten baselines were first measured to construct the baseline database under different boundary conditions. The average of all the baselines is taken as an undamaged value and compared against the damage index for the damaged case.
The result shows that path BC indicates very clear signs of damage. In addition, pathes AC and CE is also affected by this damage. Therefore, it is possible to get the approximate location of damage based on the paths. AC and CD both have very similar magnitude damage indices which would suggest that the damage is located about the same distance from those 2 paths, which also agrees with the indication that the damage was on or near the BC path. Based on the fact that the AB and BD paths are not indicating damage, it is likely that the damage is closer to the C piezoelectric patch. This process could approximately locate induced structural damage.
In most cases, this method could detect the simulated damage in the test, but only when damage was introduced close to the sensor-actuator paths. This low spatial detectability results from the relatively high damping present in composite structures, which limits the distance the Lamb wave can travel. This suggests that a large number of sensors would be needed to monitor the entire turbine blade. Furthermore, with the presence of the spar inside of the blade, the selection of the wave frequency is not always straightforward; piezoelectric transducers should be installed in such a way that they can avoid wave scattering caused by the spar.
High-Frequency FRF.
Initially, the testing was conducted using an input frequency bandwidth of 30-80 kHz on each sensor-actuator combination. The experimental results, where the same damage as in the previous section in Figure 4 was introduced, are shown in Figure 5 . The high-frequency response displays the changes in shape due to the simulated damage condition. The top portion of the figure is the real part, while the bottom portion is the imaginary part of FRF. As can be seen in the figure, the real portion of the response shows more variability due to baseline changes, while the imaginary portion is very stable, which is the ideal behavior. Changes due to boundary conditions are slight shifts in the magnitude of the FRF at the resonance and antiresonance peaks. The changes caused by damage result in a complete change in the frequency response function.
Damage index was obtained using a correlation function between baselines and a new set of data. The correlation coefficient determines the linear relationship between the two data sets: where is the correlation coefficient, ,1 is the baseline FRF data and ,2 is the compared FRF data at frequency ,̄1 and̄2 are the means of the signals, and the terms are the standard deviations. For convenience, the feature examined in this study is (1 − ), in order to ensure that, with increasing damage or change in structural integrity, the metric values also increase. A greater damage metric value means that a certain degree of dissimilarity, with respect to a baseline measurement, is present in a particular measurement. The goal here is to show that this dissimilarity is directly related to the amount of damage present. A correlation-based damage metric chart is illustrated in Figure 6 . The figure shows that almost every path is indicating the presence of damage on the structure. The only exception is the EF path, which is the farthest path from the damage location. Paths BC and AE have the largest damage indices (as a reminder the AE path did not provide an acceptable response for the Lamb wave method). This indicates that the damage is located on or very near to both of these paths. Although extensive averaging was required to enhance SNR, this method could detect any damaged condition imposed into the blade. With the high-frequency range interrogated and relative high damping present in the structure, the damage localization was also observed; that is, more pronounced response changes if damage was introduced close to the transducers.
For the frequency response function method, the longer propagation paths were capable of producing an acceptable recorded response for damage detection compared to Lamb wave propagation. This suggests that it might be possible to limit the number of sensors required to cover the entire turbine blade. This is further aided by the fact that the FRF method was determined to have global damage detection capability. In addition, it was discovered that the magnitude of the damage index is directly related to the proximity of the propagation path to the damage location. This feature can be utilized to determine the location of the damage with an acceptable degree of accuracy. Similar results were obtained for damage placed at multiple locations on the turbine blade. To summarize, the FRF method is an acceptable structural health monitoring technique for reliably detecting and locating damage in wind turbine blades and has the potential for limiting the number of sensors required to cover the entire structure.
Comparison of the Two Methods.
The performances of two methods for SHM of wind turbine blades were investigated in this section. It was found that both methods were capable of detecting damage, which was simulated by placing a piece of industrial putty on the surface of the 1 m CX-100 blade section. Lamb wave techniques offer the ability to detect damage on or near the path of the propagating wave and can be used to approximately locate the damage. However, long paths (longer than 50 cm) were incapable of transmitting a waveform along the entire path, due to the high damping properties of composite turbine blades. The frequency response method showed a greater ability to detect damage on a global scale and the proximity of the damage location to the magnitude of the damage index allowed for the location of the damage to be determined. The frequency response method was also capable of transmitting a meaningful signal for all the propagation paths, including the longer distances. Consequently, the FRF method would require fewer sensors mounted on the structure in order to detect the presence of damage. Additionally, the FRF method utilizes a random excitation over a given bandwidth for all the propagation paths, eliminating the need to find the ideal excitation frequency, as is required for the Lamb wave method. However, as this method uses standing waves, the performance in localization of the damage is poorer than the wave propagation approach.
CX-100 Full-Scale Fatigue Testing
A full-scale fatigue test of a CX-100 wind turbine blade was also performed by SNL at the National Renewable Energy Laboratory (NREL). An overview photograph of the test setup is shown in Figure 7 . The 9 meter blade was instrumented with eleven 2.5 × 3.75 cm MFC sensors and one 5 × 10 cm MFC actuator. The location of the sensors and the actuator in relation to the blade geometry is also shown in Figure 7 . The blade underwent fatigue excitation at 2 Hz for defined intervals, and active-sensing data were collected between sessions while the fatigue excitation source was shut down. These data were collected from the eleven sensing channels at a sampling rate of 60 kHz, producing 32768 time points for each channel. A 7.5 RMS random excitation signal amplified by a factor of 30 was provided to the actuator. During the test, the fatigue damage was visually identified in the root area after 2.3 million cycles. The collected data were converted to the frequency domain using FFT for the start of the fatigue cycling and at each cessation thereafter. The FRF obtained from the blade in the pristine condition was used to predict the system response from data collected at testing interval. FRF measurements of channels 3 and 4 are shown in Figure 8 , for the frequency range of 1-25 kHz. Although extensive averaging was required to enhance the signal to noise ratio, the identified FRFs are repeatable and represent the dynamic characteristic of the local area of the structure.
The correlation coefficient between the current measurement and the previous reading was used as a feature to track the progression of structural change over the course of the fatigue test. In this way, the effect of fatigue loading given within the measurement interval could be estimated. The values of the correlation coefficients calculated at periodic intervals throughout the course of the test are shown in Figure 9 . Note that plots are not in the same scale.
Right after starting the fatigue load, Ch3 and Ch4 showed some "settling" effects, which exhibit increases in DI values. All three results indicate that there is a large increase in data measured at data 100. This corresponds to the measurement made right after 1.43 million cycles. Although we did not have any reference data to compare against, the results indicate that there was likely a notable change in the blades integrity on the test just before this measurement was taken. In addition, the measurement made at 125 shows another substantial increase, 8 Shock and Vibration which was made after 1.8 million cycles. Another change was observed in the data 150, which was measured at 2.11 million cycles. Finally, the measurements taken on the final day (175 at 2.53 million cycles), all three measurements showed a large increase in the damage metrics, which indicates the on-set of structural damage on the blade. It is also interesting to note that the Ch4 (close to the damaged area) already showed certain increase in the DI value (170 : 2.38 million cycles) just before the final test, which may indicate the imminent damage. Figure 10 depicts another FRF-based DI value. In this case, the measurements were compared to the baseline, which was measured on the first day of the test. The changes in FRF indicate changes in the structural parameters, which in turn indicate the presence of damage. By comparing the measurements made on the first day, these figures give relative changes in structural integrity. It can be seen that the values in Ch4 are substantially higher than Ch3 and Ch2, which indicates the damage is located close to this sensor.
The active-sensing technique at this fatigue test provides relatively repeatable responses, could detect damage, has localized sensing capability, and is less sensitive to operational variations. The method and analysis are relatively straightforward and do not require significant memory and power usage of the system, and the whole process can be embedded in the turbine blades with the appropriate development of hardware. It must be noted, however, that more than four sensors were broken during the test, as the adhesive was not ideal for a fatigue test. In addition, the hardware connectors did not function multiple occasions during the test. The sensor diagnostic procedure, which confirms the operational status of piezoelectric transducers [17, 18] , should be implemented for fatigue test. Also, with the reduced number of sensors and a shorter traveling distance, the wave propagation technique was not considered in this test. These issues will be addressed for future tests.
Summary
This study investigated two piezoelectric active-sensing SHM techniques, including Lamb wave propagations and frequency responses, for wind turbine blade monitoring. With these techniques, the condition of the turbine blade can be qualitatively assessed with the presence and location of damage successfully identified using each method. In addition, the use of higher excitation frequencies enabled each method to be sensitive to small defects in the structure, while remaining insensitive to the effects of boundary and ambient condition changes on the response. This method can provide real-time health monitoring because the hardware and signal processing requirements can be significantly relaxed, especially in the case of FRF-based methods. This paper also summarizes the SHM results of a full-scale fatigue test of a 9 m CX-100 blade using piezoelectric active sensors, which confirms the localization capability of the active-sensing technique. The fatigue test also points out the importance of ensuring the robustness of sensing equipment and the reliability of the SHM system for field deployment under harsh operational conditions. This subject is currently being investigated by the authors.
